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Summary 
The effect of the ground on a rotor wake in 
forward flight has been investigated experimentally in the 
working section of an 8ft x Oft straight-through wind 
tunnel. A three bladed fully articulated rotor with a 
solidity ratio of 0.07 and diameter of 1.06m, powered by 
a hydraulic motor, has been tested at a height of 0.47 rotor 
diameter above a solid ground board which has an elliptical 
leading edge. 
Tests have been run at various low advance ratios 
(<0.1) with two collective pitch settings. 
A three-element hot wire anemometer probe has 
been used to measure the average value of the three 
components of velocity simultaneously in the forward half 
(advancing side) of the rotor wake and in the main stream 
surrounding it. 
The rotor wake and the ground vortices have been 
visualized by smoke. Surface flow patterns on the ground 
board have located the interaction region between the rotor 
wake and the oncoming flow on the ground board. 
Theoretical estimates of the flowfield based on 
Heyson's vortex cylinder model (Ref. 2) are compared with the 
experimental results. 
Both experimental results and theoretical estimates 
show that the ground-induced interference is an upwash and 
a decrease in forward velocity. The upwash interference' 
opposes the vertical flow through the rotor, and have large 
effects on the rotor performance in producing thrust. The 
streamwise interference decelerates the mainstream and 
becomes more noticeable as the wake boundary is approached. 
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NOTATION 
h height of rotor above the ground board 
R rotor radius 
Rc distance from point at (x, y, z) to edge of rotor 
disk at ý. 
x, y, z coordinate system in the wind tunnel 
u, v, w components of velocity along x, y, z axis, positive when 
directed along positive direction of axis 
UCO tunnel free stream 
A rotor inflow ratio, (U,,, sina + wo) /92R 
u rotor advance ratio, (U«cosa)/nR 
a tip path'plane, angle of attack 
n rotor rotational speed 
X wake skew angle between negative z-axis and rotor 
wake, positive rearward, tan-l(-u/a) (for a= 0) 
rotor azimuth angle, positive counter clockwise from 
downstream position 
A rotor disk area 
b number of blades on a rotor 
c blade chord 
T rotor thrust 
CT rotor thrust coefficient 
r root cut out radius 
a rotor solidity = 
be(R-r) 
A 
6 collective pitch angle 
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1. Introduction 
A lifting rotor experiences a favourable interference 
when operating close to the ground due to the changes in the 
flow pattern underneath the rotor. Performance in forward 
flight close to the ground has significant effects on the 
operational utility of helicopters. 
It has been shown experimentally that this 
favourable effect decreases with forward speed and height 
above the ground. Ref s. (6,8). This decrease in ground 
effect with forward speed plays an important part in 
determining the maximum take-off performance of an overloaded 
helicopter from a confined area. Ref. (10). In ground effect, 
as a result of the interaction between the rotor wake and 
the oncoming flow, ground vortex is generated. Refs. (4,6). 
When the ground vortex is close to the rotor, it 
dominates the flowfield underneath the rotor. The position 
of the rotor wake, the ground vortex and the structure of 
the flowfield surrounding them are important considerations 
in many practical problems. Among these are; 
(a) Predicting the effect from the f lowfield on the 
operation of auxilliary devices. 
(b) Estimating the potential for entrainment and 
transport of ground debris and water droplets. 
(c) Estimating the rotor induced loads on helicopter 
structures other than the rotor. 
(d) Calculating and estimating performance, blade 
dynamic response and stability and control 
derivatives. 
" (e) Estimating the potential for exhaust gas reingestion. 
-2- 
We have studied the wake of the rotor and these 
flowfields experimentally by placing a 1.06m diameter model 
rotor powered by a hydraulic motor at a distance of 0.5m 
above a ground board in the working section of a straight- 
through tunnel. Three advance ratios 0.063,0.079 and 0.09 
were tested with two collective pitch angle settings of 16 
and 10 degrees. The three components of'velocity were 
measured by means of a three element hot wire probe which 
was traversed in the flowfield by a traversing system. 
This system performs three dimensional traversing controlled 
by a computer which also received and analysed the probe 
output signals. A theoretical model was used to compare it 
with the experimental results and to present a coherent 
explanation of the tested flowfield and the factors causing 
them. 
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2. Background and Previous Work 
2.1 Rotor wake in ground effect 
Rotor blades may be regarded as high-aspect-ratio 
wings. In forward f light, they operate in a harmonically 
varying stream. Associated with the thrust of a rotor 
blade is a bound circulation. 
While the wake and fuselage alter the loading on 
the blades, the total thrust at a given azimuthal position 
of the rotor will still be approximately equal to the weight 
of the aircraft. This implies that the circulation around 
a given blade will vary approximately sinusoidally with the 
azimuth angle. The wake of each blade is generated as a 
thin sheet of vertical fluid. The vorticity in this sheet 
has components in the spanwise direction (radially shed 
vorticity) due to the azimuthal variation of the bound 
circulation, and in the chordwise direction (trailed 
vorticity) due to the radial variation of the bound 
circulation. (Fig. ]. ). Because of the rotation of the blades, 
the thrust and circulation are concentrated towards the tips. 
While circulation drops to zero at the tip over a finite 
distance, the rate of decrease is still very high. The 
result is a large trailing vorticity strength at the 
outer edge of the wake so that the vortex sheet quickly 
rolls up into a concentrated tip vortex. 
On the span portion of the blade the bound 
circulation drops down gradually to zero at the root. 
Therefore there is an inboard sheet of trailed vorticity in 
the wake with the opposite sign to the tip vortex. (Fig. ]. ). 
The trailed and shed vorticity of the rotor wake are 
deposited in the flowfield as the blades rotate and are 
then convected with the local velocity in the fluid. Shed 
vorticity does not contribute significantly to the flow 
at low advance ratios and for computational purposes is 
ignored. (Ref. 5). The local velocity consists of the free 
stream velocity and the wake self induced velocity. 
The wake geometry consists of distorted inter- 
locking helical sheets of vorticity, one behind each blade 
skewed aft in forward flight. 
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The effect of the ground can be accounted for by 
the introduction of an image vortex for every element of the 
vorticity in the fluid such that the ground boundary 
condition (the vanishing of the vertical velocity component 
on the ground) is satisfied. 
Ref. (7) assumes that the rotor wake in ground 
effect flows along a straight inclined path from the rotor 
disk to its intersection with the ground and flows along 
the ground to infinity in the free stream direction. 
At low advance ratios, the rotor wake is highly 
distorted by the presence of the ground. Rather than being 
entirely swept downstream, the rotor wake splits and a 
portion of it flows upstream and then forms ground vortices 
due to the interaction with the oncoming flow. 
2.2 Previous works 
Theoretical and experimental studies of ground 
effect in forward flight of helicopters have lagged far 
behind similar studies in hovering. 
Only after the army introduced NOE (nap of the 
earth) concept as an operational doctrine did the need to 
predict the performance and stability of helicopters to fly 
at very low heights and slow speeds for long periods emerge. 
The use of helicopters as a platform for weapon 
delivery during the NOE flight demands more detailed know- 
ledge about the flow fields surrounding the helicopters, to 
enable the designers to evaluate the accuracy of the weapon 
launched. 'There are-some-reports already available since 
then. Ref. (7) provides some analytical results. This 
report shows that the rotor wake is blown rearward and skewed 
by the forward velocity in forward flight case. The report 
also indicates that in ground effect the maximum power 
requirement will occur at some forward speeds rather than in 
hovering. 
Ref. (9) reports a wind tunnel test on the adverse 
effects on tail rotor thrust and power in ground effect. It 
indicates the effects of the ground vortex (generated by the 
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interaction of the rotor wake, ground and the oncoming flow) 
on directional control of'helicopters with tail rotors in 
rearward flight. 
Ref. (1) reports the result of powered model wind 
tunnel investigations carried out by Boeing-Vertol in the 
1971-1976 period. The ground vortex is the focal point 
for the discussion in terms of its occurrence, structure 
and interaction with the airframe through extensive flow 
visualisations and model measurements. The flows induced 
by the ground vortex are shown to lead to aircraft trim 
distortions, unexpectedly large power required increases, 
and some very non-linear fuselage loadings. 
Ref. (8) reports on the experimental investigations 
of the aerodynamic characteristics of an isolated rotor 
operating at low advance ratios near the ground. The 
paper reports on flow visualization studies in addition 
to measurements of the forces and moments acting on the 
rotor as a function of collective pitch angle settings, 
advance ratios and rotor heights above the ground. 
The experimental results show a complex flowfield 
exists under a thrust producing rotor at low speeds, due to 
ground proximity, which produces marked changes in the force! 
and moments. 
Ref. (6) reports on our own preliminary effort to 
investigate a rotor wake in ground effect. The ground 
vortex is visualized by means of smoke and tufts grid, the 
interaction boundary, the rotor wake and the freestream flow 
on the ground by surface flow visualization, and the 
tangential velocities of the ground vortex are measured, 
using fine pitot and static tubes to estimate the vortex 
strength approximately. We have learned that ground effect 
decreases with the increase of forward speed and height 
above the ground, and that ground vortex gains strength with 
the increase of speed until it reaches a peak and then 
diffuses with a further increase in speed. 
These reports do not produce any clear information 
about the flow field itself. 
It is our present aim to provide a data base for 
the velocities in the flow field experimentally. 
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3. Experimental work 
3.1 Preliminary considerations 
The testing of helicopter models in wind tunnels 
presents many problems that are very different from those 
encountered in the testing of conventional fixed wing air- 
craft models. One essential difference between the two 
types of vehicle is the method of generating lift. 
A conventional aircraft obtains its lift from a 
wing or wings, which may be characterized by moderate values 
of lift coefficient and relatively low angle of downwash in 
the flow behind the wings. A helicopter rotor on the other 
hand, has large values of lift coefficient and its downwash 
angle (skew angle) varies from 00 at hover to 840-870 at 
high speed. 
in ground effect, model helicopters will have this 
large deflection angle with energy added to it. There will 
be a limit to the maximum rotor size and the lowest advance 
ratio that can be tested before the wall interference becomes 
too large and creates additional complexity in the flow 
field. Refs. (11,13) provide some theoretical estimates of 
the maximum rotor radius and the maximum skew angle that 
can be tolerated. 
In our case the radius of 0.53m for the tunnel half 
span of 1.24m and the minimum skew angle of 300 fall within 
this limit. 
In the wind tunnel the simulation of a helicopter 
flying through stationary air relies on the fact that the 
details of the flow are not changed by any uniform transla- 
tory of the whole configuration. Thus the flow about a 
helicopter in flight is identical to that about the same 
vehicle with the rotor rotating at similar rpm placed in a 
uniform flow with a velocity equal and opposite to that of 
the vehicle in flight. 
For a sealed model of a real helicopter a Froude 
number similarity is usually employed to scale down the 
rotor tip speed. 
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The common method of representing the ground is to 
use a fixed ground board (Ref. 12) or a surface of the 
tunnel's working section. This requires a relatively simply' 
experimental rig but has the major drawback that a boundary 
layer inevitably develops on the board. The obvious means 
of thinning the boundary layer beneath the model position, 
is to reduce the upstream extension of the ground board. 
Care must be taken that the flow about its leading edge is 
not greatly affected by the pressure field of the model, and 
further reductions of the length of the ground board will 
cause errors due to the ground not being fully represented. 
On the basis of these considerations, we made the 
following arrangements for our experiments; 
1) The tunnel used is a straight-through wind tunnel, 
parallel all the way downstream. The model fixed on a 
ground board is approximately 8m downstream from the 
settling chamber. In this position the boundary layer 
would be fairly on the tunnel floor. In our preparation we 
investigated the thickness of the boundary layer at various 
speeds of the tunnel freestream covering the range to be 
tested in the helicopter experiments. From these results it 
was decided to fix the ground board 0.15m above the tunnel 
floor. 
2) To minimize the boundary layer thickness on the 
ground board we decided to have only 1.2m of the board 
length upstream of the model. We also had to prevent the 
leading edge from creating flow separation on the board. 
An elliptical profile was installed at the edge following 
(Ref. 21) with a length to height ratio of 5 in the ellipse. 
3) The freestream (tunnel) flow was always measured 
0.3m downstream of the leading edge, so as to allow the flow 
to reach its designated speed before approaching the rotor 
wake. 
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3.2 Experimental technique. 
3.2.1 Flow visualization 
3.2.1.1 Smoke visualization 
This means the injection of smoke into the airflow 
to make it visible for investigations without changing the 
density or other properties of the air itself. A 
convenient way of obtaining this result is mixing the smoke 
with the airstream. The smoke is generated by a smoke 
generator with an electrically heated tip which evaporates 
the paraffin liquid forced to flow through the tip by the 
pressure in the oil tank set up by an air compressor. The 
paraffin smoke meets the following requirements: 
- possessing the necessary light-scattering quality 
so that it can readily be photographed. 
- non-toxic materials 
- sufficient fineness to enable it to follow the 
flow pattern under investigations. 
In controlling the flow of the oil passing through the heated 
tip, care should be taken to: 
- avoid imparting an increase velocity to the flow 
- evaporate all of the oil forced to pass through 
the tip so that the flow is still in its original 
gaseous nature 
- produce sufficient amount of smoke to make the 
flow being studied easy to photograph. 
Rotor tip vortex and ground vortex are the subjects 
of this technique. We have to realise that although the 
smoke can record the movement of flow it may not always be 
seen by the naked eyes. This happens in visualizing 
unsteady flow which has a fluctuating frequency higher than 
our eyes can detect. This means that all photographs to 
record the-movement of this unsteady flow should be taken 
using a high speed camera. The rotor wake is an example of 
this unsteady flow. 
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3.2.1.2 Surface flow visualization 
A special quick dry paint, made from titanium 
dioxide powder mixed with raw linseed oil and then lightened 
by adding paraffin, is painted on the surface of the ground 
board. When there is an air flow moving on the surface of 
the board, the paraffin will evaporate leaving the paste 
to mark the streak lines. The subject of this technique is 
the interaction boundary between the rotor wake and the 
freestream flow on the board. The direction of the flow in 
any particular area of the surface can be traced from the 
pattern of the streak lines. 
3.2.2 Velocity measurement 
Two types of velocities were measured in the 
experiments: 
1. the unsteady three components of velocity of the 
rotor flow field. 
2. the steady tunnel flow which determined the advance 
ratio of the run. 
The steady tunnel flow was measured by means of a 
standard pitot-static probe connected to a micromanometer. 
The probe should be aligned with the tunnel flow direction. 
The air density in the tunnel was corrected against the local 
temperature and pressure. 
The unsteady three component of velocities of the 
rotor flow field were measured using a hot wire probe. The 
reasons for using the anemometer are: 
- the hot wire analyser system has been available 
- the hot wire anemoter has high frequency response 
to accurately follow transients 
- the probe is small enough for essential point 
measurement and minimal flow disturbance 
- the anemometer can measure a wide velocity range 
(min. of O. lm/s and max. of 200 m/s) 
- the system is capable of measuring multi- 
components of velocity simultaneously. 
- the system has low noise 
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But there are some limitations of the hot wire system such as: 
- velocity is not measured 
directly but is deduced 
from a measurement of convection heat-transfer 
from the sensor. This means that the results 
have to depend on preliminary calibrations and 
settings. 
- heat transfer losses from the sensor other 
than 
by convection, i. e. by conduction. This is the 
reason why O. lm/s is the minimum speed that can 
be accurately measured. 
3.3 Experimental program 
The aim of our experiments is to meet the need for 
clearer insights into. the flowfield of a helicopter rotor 
wake in ground effect and its surrounding air, by establishing 
data base of the velocity field. To achieve this objective 
the experiments were carried out in three stages: 
1. To study how the rotor creates its wake, and what 
shape this takes in the proximity of the ground. The wake of 
a rotor is very complex. It consists of vortex sheet left by 
an individual blade, which is then moved downstream away from 
the rotor disks, by a combination of freestream velocity and 
the mean wake induced velocity, at the same time distorting 
quite considerably under these two components influence. 
Since the solidity of the rotor is much less than one, the 
wake and the downwash flow are time dependent. Smoke 
visualization was used to show the wake shape, the wake edge 
which is determined by the position of tip vortices and the 
wake skew angle which is the angle between the wake and the 
vertical axis. This would allow us to estimate where the 
rotor wake approaching the ground and the forward portion 
of the wake. The smoke was then used to visualize the ground 
vortex. During this stage the smoke was always injected in 
the longitudinal plane of symmetry of the rotor, upstream of 
it. All smoke pictures were taken with the camera 
perpendicular to this plane. As a result the smoke pictures 
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provide cross-sections of the tip vortices, ground vortices 
and the sh&pe of the wake. These were qualitative 
explanations of the real flow which could be used to assist 
in the interpretation of the flow velocity data measured in 
this plane of symmetry. 
2. To study the interaction boundary between the rotor 
downwash and the oncoming flow on the ground. As we have 
seen from our preliminary work (Ref. 6) and (Ref. 4). this 
boundary looked like a stagnation region with almost a 
parabolic shape, and the inner region marks the leading edges 
of the ground vortices. Surface flow visualization would 
locate the position of this interaction boundary on the 
ground board upstream of the rotor. The flow streak lines 
would show the direction of the flow on the board inside the 
interaction boundary, * and how the flow approaches the 
interaction boundary. 
3. Flow field measurement. The three element hot wire 
probe was traversed three dimensionally in the flow field by 
means of the traversing gear, following the grid network 
as shown in Fig. 3. The three components of velocity were 
measured every 0.05m in the X and Y direction and every 0.03m 
in the Z direction. The velocity measurements were made as 
follows: 
We started from the longitudinal plane of symmetry 
of the rotor and from the nearest Possible point to the 
centre of the model and the ground board. With the computer 
software specially written for this experiment we were able 
to move the probe first upward and made the measurements 
every 0.03m until reaching 0.08m under the rotor disk plane. 
The probe was then moved down to the first z position and 
forward to the next X position 0.05m upstream of the previous 
point and so on until reaching the furthest X position 
designated. Following this we moved the probe to the next 
Y position 0.05m to the left of the previous one and started 
the measurement again from the same X position as the first 
one and so on until the full network had been completed. 
These experimental stages (1,: 2 and 3) were repeated for 
three advance ratios and two collective pitch angle settings. 
- 13. - 
I 
se 
jº f 
trýi1 
1 
1/ 
N 
C) 
C, 
c6 
C, 
E 
4 
U 
o 
ý-i C) 
0 
0 
aý 
4) a) a, 
b 
Kl 
C 
ti . 
t, 
w 
I!, 1, /- -- Ai-- 
/1/ - 
;t -i-ý -- _ -- --- -- 
iý SS- sir.... __ý. _-r-- as Se ý.. - as a..!.. r 
aJ 
-14- 
3.4 Experimental Facilities 
All experiments were carried out using facilities 
and equipment provided by the Aerodynamics Department, 
Cranfield Institute of Technology. 
3.4.1 Test Rig (Fig. 4) 
The rig consists of: 
3.4.1.1 Rotor model 
A fully-articulated three bladed rotor model with 
wooden blades, has a 1.06m diameter. The characteristics 
of the rotor model are given in Table 1. 
TABLE 1 Rotor Model Characteristics 
R Rotor radius (m) 
r Rotor root cut out (m) 
b Number of blades 
a Rotor solidity ratio 
n Rotor r. p. m. 
nR Rotor tip speed (ms- 
C Rotor blade chord (m) 
Rotor blade profile 
Rotor blade twist (degrees) 
y Rotor tilt angle (degrees) 
0.53 
0.215 
3 
0.07 
660 
36.63 M,, J =0ti 
0.065 
NACA 23012 
0 
0 
3.4.1.2 Rotor support system 
The rotor model is attached to a O. Olm diameter 
shaft supported by a frame which also acts as a base for 
the hydraulic motor rotating the shaft and the rotor 
model. A balance system is connected to the bottom of the 
shaft, so as to enable the thrust to be measured. A 
microswitch powered by a D. C. adaptor is placed on the 
shaft to allow the rotation to be monitored via an electronic 
tachometer. 
3.4.1.3 The Ground Board (Fig. 4) 
The rotor and its support system is mounted on a 
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ground board which is 0.025m thick, made of wood. An 
elliptical profile is fixed at the leading edge to smooth 
the flow passing over it. This ground board consists of 
a 1.22m long front section and the rear section where the 
model and its support mounted. The lower surface of this 
board was separated at 0.125m from the floor and 
supported by small blocks during the experiments. 
3.4.1.4 The hydraulic system (Fig. 5) 
To power the hydraulic motor, a hydraulic control 
system was provided so as to allow the smooth adjustment 
of the rotor model rotation. It consists of a master 
hydraulic pump powered by a 20HP electric motor, 2 control 
valves, 1 high pressure filter to screen the oil and an 
air cooled radiator to keep the oil temperature low so as 
to maintain a constant r. p. m. during the tests. 
3.4.2 The constant temperature three-element hot wire 
anemometer probe. 
General description: 
The probe provides voltages directly proportional 
to the three components of instantaneous flow velocities at 
a point in the flow field and to feed these voltages to 
three analysers capable of extracting the required 
information. The basic principle is that the small heated 
probe is placed in the flow and is cooled by the passage 
of fluid over it. The cooling effect on this probe can 
be correlated with the fluid velocity by a process-äf 
calibration and linearisation. 
Technical data: 
The three-elements which have individual ground 
leads, are placed perpendicular to each other forming a 
right angled coordinate system and are operated by a 
three anemometer analyser. The combination of the three 
anemometer signals gives information on the resulting 
velocity vector and its three components in a reference 
coordinate system with a fixed orientation with respect to 
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IPLE-SENSOR PROBES WITH CYLINDRICAL SENSORS 
5 `Pal c w. i, ..... 
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r 
rrr-. -- ! ,. iaý IrnYtlý I r: ýeler ýý 
Figure 6- Rotor head and the three element hot wire probe 
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the probe. The sensors are 3.2mm long 5 micron platinum- 
plated tungsten wires and gold plated at the ends, leaving 
a sensitive length of 1.25mm. These sensors are embedded 
in ceramic tubings partly covered by a stainless steel 
tube forming a three-wire probe element, which is mounted 
in the probe body by soldering. The active portions of the 
wires are placed inside a sphere of 3mm diameter. The 
probe picture is in Figure 6. The probe's signals 
evaluation are in Appendix B. 
3.4.3 The wind tunnel 
All of the experiments were carried out in the 
working section of the 8ft x 4ft environmental wind tunnel. 
This is a close working section, open return tunnel which 
has a low turbulence level and working section of 2.43m 
x 1.21m x 18.28m. We used the end of the working section 
where the traversing gear had been mounted permanently. 
To allow for the installation of the traversing gear 
without reducing the area of the tunnel working section, a 
chamber which is 1.93m long, 2.23m wide and 1.32m high 
was fixed on the tunnel roof. The pressure of this chamber 
increased the dimension of the working section where the 
traversing gear had its operation range. A schematic 
layout is in Figure 7. 
With this arrangement there is an expansion of the 
flow entering this portion of the working section. The 
measurement of the tunnel flow should be carried out in 
this section for an experiment run here. 
Ground simulation is achieved by using the ground 
board. 
3.4.4 The traversing gear 
The traversing we always used during the 
experiments is a three dimensional computer controlled 
traversing system, capable of positioning a probe in a 
space by moving it in the X. Y and Z directions. 
Every dimension of the probe movement is controlled 
by an independent D. C. step motor with accuracy of within 
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0.5%. The traversing system is operated via an interface 
designed to be used either with the parallel interface 
of the PDP 11 or with the IEEE-488 connection. During 
our experiments the traversing gear is operated by a 
PET 2001 computer. The flexibility of the system is that 
it can be run either manually from the keyboard or 
automatically (continuously) using written software. The 
computer keeps track of the traversing position for 
either ways of running it. 
We used the software written for our experiments 
to operate the traversing gear, to print out the results 
of the positions and values of the U, V and W components of 
velocity on the paper and to store them in a floppy disk. 
3.4.5 The hot wire signals analysis and data acquisition. 
The hot wire anemometer is a thermal device 
which correlates the heat transfer from a heated sensor with 
the flow velocity passing over it. Therefore it requires 
calibration process. 
The relationship between flow velocity and out- 
put voltage from the anemometer is non-linear and follows 
approximately the fourth power law (Ref. 15), which under 
certain conditions (unsteady signals) requires linearisation 
to avoid large errors. The analysis of the convective heat 
transfer from a heated hot wire probe to the surrounding 
air can be evaluated using King's law: 
Nu 
where Nu 
Re 
Al & B' 
Since Re 
Al + B1 Ren (1) 
Nusselt number 
Reynolds number 
constants 
U 
and Nu = LK(T-T (2) 
0 
- 22 - 
where: p= 
d= 
4= 
K= 
T &To 
fluid density 
flow velocity 
fluid viscosity 
hot wire diameter 
hot wire length 
heat loss from the wire 
thermal conductivity of the fluid 
temperatures of the wire and fluid 
respectively. 
Equation (1) becomes: 
Q- Al + B'3 
d)n (3) 
! CK (T-To) (U) 
The heat loss Q is equal to the electrical power dissipated 
in the sensor namely V2/R, where V is the voltage applied 
across the sensor maintaining its temperature T and R is 
the sensor resistance. Equation (3) can be rewritten: 
V2 = AIRZK(T-To) + B1RLK(T-T0) ()n (4) 
or simply: 
V2 = A+B Un 
For U=0 then A= Vol (voltage output at zero velocity) 
Equation (4) can further be simplified to: 
v2 - Vol =B Un (5) 
Vo depends on flow temperature and wire resistances. 
To find the constants B, n and Vo the probe 
should be placed in a device in which the flow velocity 
passing over the wire can be controlled and the actual 
flow velocity is measured accurately using another device. 
It is desirable for the calibration to be 
performed in the actual environment where the actual 
_23_ 
measurements are to be made. 
For our probe which has three independent wires 
and produces three output signals which are then combined 
to evaluate the U, V and W components of velocity, it is 
necessary that these outputs should be linearised first 
before the evaluation process. The reason is that each 
wire has its own internal resistance and is connected 
to the analyser via a lead which has its own resistance. 
Without linearising the signals the output from 
the analysers may differ to one another for the same 
velocity seen by each wire, which then produce wrong 
results of the U, V and W components from the combination 
process. 
To linearise the signals, outputs from each 
analyser should be passed through a device called a 
lineariser which has a transfer function the inverse of 
King's law. From equation 5, we have written the relations 
of Vout and V0 as: 
_n Vout2 - VO 2-BU 
Linearisers transfer function is used to interpret further. 
Consider: Vout k(V02 + BUn - C2)m (6) 
where k, m and C are constants produced by the 
lineariser. 
if C is adjusted to equal Vo and in is adjusted to equal 
n 
then 1 
Vout =k Bn U (7) 
1 
and k Bn =K 
The final result is 
Vout = K. U. 
The output from the lineariser is a voltage directly 
proportional to the velocity which implies that every wire 
- 24 - 
can produce a similar output for the same velocity. 
Appendix B gives the combination process of the 
signals from linearisers. 
Since the flow velocities that we measured 
were unsteady, a computer was used to perform the 
evaluation of the U, V and W components. For this computer 
evaluation purpose, the output signals from the linearisers 
should be digitised first using a multichannel 12 bits 
analogue to digital converter. The computer took forty 
signals from each channel simultaneously and then 
averaged them, followed by the evaluation process of the 
velocities component. 
A diagram of this data acquisition process is in 
Figure 8. 
3.5 Test procedures 
3.5.1 Calibration tests ' 
The balance system for measuring the thrust and 
the hot wire anemometer system need calibrating before 
we can actually use them in the experiments. The thrust 
measurement instrumentation consists of a D. C. power 
supply, a digital volt meter, and the balance system 
fixed onto the rig. The power supply provides the input 
voltage of the system and the voltmeter is used to read the 
output voltage. When an input voltage is fed to the 
balance system, it activates this device and produces an 
output voltage. If the webs of the balance system are bent 
by a certain force the reading will change. The difference 
between those two readings is proportional to the force 
which bends the webs. 
The calibration was carried out by pulling the 
shaft up with a known force and then increasing the force 
step by step. A calibration chart was drawn on the basis 
of the results. This chart was then used to interpret the 
test results. 
Since the sensitivity of the output voltages 
depends on the input voltage, there should be a constant 
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voltage input to maintain the validity of the calibration 
chart. 
The hot wire system was calibrated in the tunnel, 
using the tunnel flow in the working section as the 
measuring fluid. 
The three-element of the anemometer probe can not 
be totally calibrated at the same time. Instead they have 
to be calibrated and linearised one by one, since during 
the calibration each wire being tested should be exactly 
perpendicular to the flow. An ordinary pitot-static probe 
connected to a micromanometer was used as a means of ' 
reading the flow velocity passing the probe. The hot wire 
probe and this pitot-static probe were mounted in the 
centre of the tunnel at the same height and close distance, 
so as to ensure a similarity in the flow seen by each probe. 
Then the tunnel was run at various speeds and the 
linearisers were adjusted until a certain linear propor- 
tionality had been obtained for the range of velocities we 
were interested in (0 - 15ms-1). When all three elements 
of the probe had been linearised, the probe was positioned 
in the actual setting for the experiments, and then to 
check the combination process of the anemometer signals, 
the tunnel was run again and the printed out result should 
show the free stream velocity only. 
3.5.2 The experimental tests 
All tests were started by smoke visualization 
followed by surface flow visualization and velocity 
measurements. In every test, the reference free stream 
flow was measured using the pitot static probe in the 
region just upstream of the rotor wake. Blockage 
correction was not applied-since the size of the rotor 
wake was small compared with the area where the chamber 
had been fixed. 
Test conditions are in Table 2. 
TABLE 2 
p 
h 
0 
X 
H 
- 27 - 
advance ratio 
rotor height from the 
ground board (m) 
collective pitch angle 
settings (deg) 
Mode 
Cyclic pitch 
Wake skew angle (deg) 
Azimuth angle (deg) 
rotor height from the tunnel 
floor (m) 
0.09,0.079 & 0.063 
0.5 
16,10 
Constant speed 
Free 
0- 90 
0- 360 
0.65 
- 28 - 
4. THEORETICAL WORK 
There have been some analytical models available 
and we can see that these models always employ some 
simplificiations and assumptions, based on flow pictures 
or physical considerations. 
We have chosen the vortex cylinder model (Ref. 2) 
since there seems to be an agreement about the wake shape 
between the model and our smoke pictures of the rotor 
wake. 
Further assumptions to make: 
1. The flow is inviscid and incompressible 
2. The blades bound circulation are constant along 
the radius. This implies that only tip 
vortices and root vortices leave the blade tips 
and roots and are carried downward with the 
speed and direction of the mean flow at the rotor. 
These vortices thus lie on the surface of the 
outer cylinder wake (tips) and inner cylinder 
wake (roots). These vortices are so closely 
spaced that these two cylinders (outer and inner) 
may be considered to be two sheets of continuous 
vorticity. This assumption restricts the analysis 
to obtaining only the time averaged value of 
induced velocity. 
3. The blades bound circulation is allowed to vary 
azimuthwise. This implies that the blades also 
shed radial components of vorticity into the wake. 
4. Negligible effects from the root vortices. 
5. For small advance ratios (u < 0.1) the effect 
from shed vorticity can be ignored. 
6. There is no vortex dissipation. 
The rotor flow field in free air at point P(x, y, z) 
can be found by integrating the BLOT SAVART law over the 
entire wake (Appendix A). The results are: 
-29- Z 
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21T *{ (R +- cosX). cosiý} 
u U* affMID1 
dVý (1) 
R 
2, r { (R +R cosx. ): siný} 
v= U* oI f () D 
1dß (2) 
2w= 
U* f 
ýf 
Op) {1 - (Rcosi) + Rsin*)+ 
RR 
sinX cos )/Dý dý 
(3) 
where 
f (ý) = (1+1.5p sin f) 
U* _ (-U. /2ntan X) 
D IRR {RR + (cosI R) sinX + RcosX}1 
Rc = {R2 + x2 + y2 + z2 - 2R(x cosi +y sind ))0.5 
Symbolically, the rotor flow field in free air is written 
as: 
( f) = 4f (' 
R' 
Rý 
These results can be superimposed to obtain the flow field 
in ground effect as indicated in Fig. (lO). (Ref. 2). 
The first step is to translate the velocity 
field downward and rearward following the wake shape to 
its point of intersection with the floor and then subtracting 
the resulting field from the original velocity field in free 
air to obtain the velocity field of a truncated wake. 
Symbolically, the velocity field of the truncated 
wake is: 
qtr qf(R, R, R q(R -h tan 
R, Ro( 
R 
z+h)) 
The next step in evaluating the velocity field in ground 
effect is to rotate the velocity field of the truncated 
cylinder wake about the longitudinal axis of its inter- 
section with the ground and add the original truncated 
velocity field. Thus the total induced velocity field in 
ground effect is: 
- 31 - 
qG gf(R'R'R) - q(R -h tan 
R, R, (ZRh) ) 
-(-1)P q(R, -R. <(Z 
Rh)) 
- (-1)P q (R -h tan R, - 
R, (ZR )) 
Since the v and w components of the velocity 
field are reversed during the rotation, p equals 1 for the 
u component and is zero for the v and w components. 
These complex integration equations have been 
solved numerically by applying Romberg 's rule from Ref. (18) 
with accuracy of 1%. 
Since in the flow field we also have U. 0 component 
in the X direction, then the total longitudinal component 
of the flow field is (U- + UG) 
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5. , Results and Discussion 
5.1 'Surface Flow Visualisation Experiment 
Surface flow visualisation explains some facts 
of the flow behaviour on the ground board such as: 
- The boundary formed by the interaction between the 
oncoming flow (tunnel free stream) and the rotor wake on 
the ground. From Figs. (1Z) and (13) and also from Ref. 4, 
this boundary has an approximately parabolic shape. Inside 
the boundary the flow is moving outward, as shown by the 
streak lines on the ground. 
- The higher the speed of the oncoming flow, the 
closer the interaction boundary is to the rotor. This 
implies that this boundary is formed by a kind of local 
momentum balance between the oncoming flow and the outgoing 
rotor wake. In fact the position of the boundary in 
relation to a point at (h tan X, O, -0.5) on the ground is 
in proportion with the thrust produced by the rotor for 
various advance ratios. Only at p=0.09, the interaction 
boundary is slightly forward than it should be due to the 
influence of the ground vortex (will be discussed later). 
The thrust measurement results in Fig. (14) shows how the 
thrust decreases with advance ratios, but only slightly in 
the range of the ratios we tested. This supports the 
discussion before about the position of the interaction 
boundary from the rotor. 
- The higher the advance ratio, the more asymmetric 
is the shape of the interaction boundary. The reason is 
that at a higher speed the advancing side of the rotor 
produces more lift than the retreating side does. Ref. 18 
indicates that rotor wake asymmetry resulted from a difference 
in blade loading. The blade with more loading on the 
advancing side imparts a greater impulse to the top vortex 
passing underneath it which has been generated by the pre- 
ceeding blade. As a result the wake on the retreating side 
is always weaker, thus causing the asymmetry. Our test rig 
has got a flapping freedom provided by the three flapping 
hinges. But since the cyclic pitch is free and the rotor 
Figure 12 - Surface flow visualization 
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produces thrust continuously, the blades are coned up. In 
this situation, the flapping freedom cannot function to 
balance the thrust produced by the advancing side and the 
retreating side so as to allow the asymmetry to happen. 
5.2 Smoke Visualisation Experiments 
The smoke experiment was used to make rotor wake 
and ground vortex visible and obtain a qualitative global 
picture of the flow and assist in the interpretation of 
the velocity field. 
Figures (15), (16) and (17) show the rotor wake 
at various advance ratios. The wake of a rotor contains 
two primary components. The first and most prominent is 
the strong tip vortices, which arise from the rapid rolling 
up of the portion of the vortex sheet shed from the tip 
region of the blades. The second component is the vortex 
sheet containing radial and trailing vorticity shed from 
the inboard section of the blades. This sheet does not 
roll up but remains in the form of distributed vorticity 
-(Ref. 19). The smoke was injested in the longitudinal plane 
of symmetry and these figures show only a cross section of 
the rotor wake. Tip vortices appear as circles in which 
the central regions are clear of smoke due to the local 
centrifugal field, which-forces the smoke particles radially 
outward. The top vortex cross sections in the near wake are 
clearly evident and so is the diffusion of the far wake. 
5.2.1 Rotor Wake Characteristics 
Fig. (18) from Ref. 6 and Figs. (15), (16) and (17) 
show the visible rotor wake at advance ratios 0,0.09,0.079 
and 0.063. The hover in ground effect case shows how the 
rotor wake contracts rapidly in-the, upper region followed 
by the expansion of the wake due to the presence of the 
ground. That the far wake underwent viscous dissipation is 
shown by the diffusion of the vortices visualised by the 
smoke. The wake flows radially outward. The forward flight 
cases show how the oncoming flow pushes the rotor wake back- 
ward and skews the wake through an angle X from the vertical 
axis. The higher the advance ratio, the more backward the 
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rotor wake is pushed by the oncoming flow. A fundamental 
difference observed between hover and forward flight is 
this location of the forward boundary of the rotor wake. 
In hover, tip vortices are transported downward 
(although due to the wake contraction in the upper region, 
they come close to the rotor), whereas in forward flight 
the tip vortices travel inboard and slightly above the 
rotor and are then transported down through the rotor disk. 
Our rotor has three blades, so blade vortex intersection 
can occur more likely than the two bladed one. In case of 
blade vortex intersection the blade impact results in a 
diffusion of the concentrated vortex core. 
Figs. (18) and (19) show how the rotor wake travels 
upstream on the ground for hover case and forward flight at 
advance ratio 0.079. The forward movements of the wakes 
were made possible by the extent of the impulses imparted 
to the rotor wake by the blade loading. The higher the 
blade loading the further upstream the wake can travel on 
the ground before at last being stopped by the oncoming 
flow and interacted with it. 
As a result of this interaction process, the 
interaction boundary was created on the ground and the 
forward portion of the wake rolled up. In approaching the 
ground the wake first follows the skewed wake pattern until 
approximately 25% of rotor radius distance above the ground 
where the wake starts to expand gradually followed by moving 
upstream (some portion only) on the ground. 
5.2.2 Ground Vortex 
Figures (20) and (21) show the ground vortex for 
advance ratios 0.09 and 0.079 respectively. As we can see 
from Fig. (19) this vortex is generated by the rolling up of 
the front far wake portion of the rotor wake due to the 
interaction with the oncoming flow. The direction of 
rotation of the ground vortex is the same with the tip 
vortices but its size is about twice that of them. There is 
still a centrifugal force acting locally to clear the centre 
of the ground vortex of smoke. The size of the ground vortex 
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for these two advance ratios are almost constant, but since 
the wake at the lower advance ratio can travel further 
forward from the rotor, it underwent more diffusion as 
shown by the smoke picture. 
From these results we can assume the generation 
of the ground vortex as follows: 
The blades generate tip vortices and form the 
rotor wake. At a low advance ratio in ground effect, some 
portion of the wake can travel upstream and creates a kind 
of shearlayer. When the momentum of this wake is in 
balance with the oncoming flow, the vorticity contained in 
the wake have to concentrate into isolated vortices (rolling 
up of the wake). This rolled up wake encircles the rotor 
in a parabolic shape pattern. 
The position of ground vortices are determined by 
the advance ratio (for a fixed pitch angle setting). The 
closer the ground vortex to the rotor (the higher the 
advance ratio) the more this vortex influences the rotor 
(will be discussed later). 
The ground vortex is present for only a small range 
of advance ratios. Our preliminary experiments reported in 
Ref. (6) have shown that ground vortex strength increases 
with advance ratio up to a certain limit, then decreases 
with further increase of advance ratio and it disappears 
when the rotor wake has no more interaction with the ground. 
In our experiments, for advance ratios > 0.12 the ý. 
ground vortex is no longer present. 
5.3 Velocity Measurements 
From the two previous experiments we can imagine 
how the rotor wake in ground effect influences the velocity 
field underneath the rotor. 
Out of ground effect, where there is no rotor wake 
expansion and no wake interaction with the oncoming flow, 
the flow field surrounding the rotor will only consider the 
rotor wake as a vortex cylinder moving downward inclined to 
the vertical axis by the skew angle. The measurement results 
r f 
''l 1 
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of the three components of velocity are combined and 
presented in Figures (23) to (52). 
Since we are not able to present them in a single 
three dimensional picture, planar plottings have been used 
instead. 
The velocity pictures are presented in two 
configurations as follows: (Figure. 22). 
- In the longitudinal plane of symmetry-and planes 
parallel to it, the resultants of u (longitudinal component 
of velocity) and w (vertical component of velocity) were 
plotted. 
- In the planes parallel to the ground or XOY plane, 
the resultants of u and v (lateral component of velocity) 
were plotted. 
With this technique the complete velocity field 
can be illustrated. 
The flow velocities vary from time to tome due to 
the rotation of the rotor which has a solidity ratio less 
than one. The three components of velocity are the 
results of time averaging. 
5.3.1 Velocity Field Characteristics 
To represent the velocity field underneath and 
surrounding the rotor we have chosen six planar plottings 
in the longitudinal plane of symmetry and planes parallel 
to it at y equals 0, -0.1, -0.2, -0.3, -0.4 and -0.5m, and 
three planar plottings in the planes parallel to the ground 
at z equals -0.08, -0.29 and -0.47m. (Figure 22). These 
vector plots provide pictorial representation of the 
velocity field there. These velocities were plotted with 
vector lengths scaled lm/s equal to 0.1 inch and length 
dimensions scaled O. Olm equal to 0.1 inch, so that the 
magnitudes, directions and positions of the flow are 
depicted. Every vector shows the direction of the flow 
velocity and vector length shows the magnitude of the 
velocity measured at its tail. 
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The front boundaries of the rotor wake were also 
drawn based on the smoke picture skew angle, to help 
interpret the flow field. 
In general, the behaviour of the velocity field 
is as follows: 
1. In the longitudinal plane of symmetry and planes 
parallel to it, the velocity field can be 
categorised into three groups: 
i) The field which is influenced by the ground 
vortex. Ground vortex induces its own velocity 
field which causes some redirection of the flow 
near to the vortex 
ii) The field which is dictated by the rotor wake. 
In this category are the inner wake flow which 
is shown by the jump in vector magnitude of 
the velocity as soon as the wake boundary is 
crossed and the shear layer created by the 
forward movement of the wake. Velocity 
vectors show the presence of this layer and 
were evaluated on the basis of the smoke 
pictures. This category of velocity field is 
the most unsteady since the rotor downwash 
totally dictates the nature. 
iii)The velocity field which is free from either 
the ground vortex or the rotor downwash. 
2. In the planes parallel to the ground. As before 
the velocity field can be categorised into three 
groups: 
i) The field which is influenced by the ground 
vortex. At z equal to -0.27m, some redirection 
of the flow were caused by the ground vortex 
flow field. 
ii) The field inside the wake. Since there is some 
portion of the wake moving upstream on the 
ground, some flow is turned back to oppose the 
oncoming flow. This condition is shown by the 
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vector velocities in plane parallel to the 
ground at z equal to -0.47m. 
iii)The field which is free from either the ground 
vortex or the rotor wake. 
5.3.2 Effects of Ground Vortex 
A ground vortex induces an upwash upstream of it, 
a downwash downstream of it and an inward flow on top of 
it, since its rotation direction is the same as that of 
the tip vortices. Refs. (l) and (6) indicate that ground 
vortex gains strength as it comes closer to the rotor. 
As a result, the closer the ground vortex to the rotor the 
more influence the rotor experiences from it. The induced 
upwash will try to oppose the rotor inflow velocity and 
reduce it, make the rotor work more efficiently with the 
same collective pitch angle setting and create a stronger 
wake locally. The induced downwash will redirect the flow 
downstream of it. 
5.3.3 Effects of Advance Ratios 
We have grouped the vector velocities plottings 
to account for the effect of advance ratios for the same 
collective pitch angle testing, starting from the highest 
one which is 0.09 in Figs. (23) to (31), followed by 0.079 
in Figs-(32) to (40) and the lowest 0.063 in Figs. (41) to 
(46). 
A higher advance ratio means a higher oncoming 
flow velocity and a higher wake skew angle. The velocity 
vectors show: 
a. The change of vectors' magnitude with the increase 
of advance ratio. 
b. The higher the advance ratio the closer the 
ground vortex to the rotor and the greater the influence 
from the ground vortex on the flow field underneath and 
surrounding the rotor. For instance at advance ratio 0.063 
where the ground vortex position is far upstream from the 
rotor (indicated by the position of the interaction boundary 
only; the smoke picture could not visualise boundary only; 
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the smoke picture could not visualise it due to the extent 
the far wake underwent viscous diffusion). There seems little 
change in the flow behaviour approaching the rotor wake. At 
advance ratio 0.09, the influence of the ground vortex has 
altered the flow field quite considerably. The induced 
upwash from the ground vortex reached the rotor and 
reduced the inflow velocity to create a higher effective 
incidence angle locally. 
5.3.4 Effects from the Ground 
All velocity vectors inside the upper wake show 
that the magnitude of the vertical component of velocity 
(w) is smaller than what they should be in creating the 
wake skew angle x(w = -U. rcgX). This is the result of the 
ground induced upwash opposing the w component inside the 
wake. Ref. 8 indicates that the greater the thrust 
produced by the rotor, the stronger the effect from the 
ground experienced by it. 
In our experiments, the first collective pitch 
angle setting was 16 degrees which created a high thrust 
coefficient-and it is understandable that the rotor 
experienced a strong upwash from the ground. 
With the reduction of the w component of 
velocity inside the wake, the rotor can produce more thrust 
in ground effect than in the free air for a given collective 
pitch angle setting. The other effect from the ground shown 
by the velocity vectors is the deceleration of the flow 
in approaching the rotor wake. This is due to the upstream 
flow induced by the ground which can be considered as a 
result of the interaction between the original rotor flow 
field and the image rotor flow field which represents the 
ground. In this situation the image rotor produces an 
upstream flow opposing the oncoming flow and reduce its 
velocity. Thrust measurement results in Fig. (14) show how 
the thrust produced by the rotor varied with the oncoming 
flow velocity. 
In the case of hover, the thrust was the highest 
3 and then decreased with the increase of the oncoming flow 
4 
t 
l 
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velocity until at last it levelled out. 
Following our preliminary result in Ref. (6) has 
shown that the ground effect decreases with forward flight, 
the increment of thrust produced above the level value 
results from the ground effect. 
The combination of all the results about ground 
effect from smoke pirctures, thrust measurements and rotor 
velocity fields indicate that a rotor operating in ground 
effect can be seen to produce an air cushion on the ground 
which creates an enhancement on the lifting capability of the 
rotor and make it more efficiently usable. The thickness 
of this air cushion depends on the magnitude of the wake 
skew angle since the greater the angle the less portion of 
the mass of air that can move upstream with the wake on the 
ground. For instance at advance ratio 0.090 with skew angle 
56.5 degrees, the thickness of the portion of flow moving 
upstream is less than at advance ratio 0.063 with skew 
angle of 37 degrees. 
Rotor wake in ground effect can be approximated 
in Fig. (47) . 
5.3.5 Comparison with the Theoretical Model 
Figures (48) to (53) are the computational results 
of velocity vectors in Figs. (23) , (25). (32), (34), (41) 
and (43), based on Heyson's vortex cylinder model. There 
are some discrepancies between these two although some are 
in reasonable agreement. The weaknesses of the theoretical 
model are: 
1. The theoretical model did not include the momentum 
of flow produced by the rotor and the energy imparted by the 
blades on the flow passing through them. As a result the 
forward movement of some portion of the blade could not be 
predicted and the wake which was assumed as being a vortex 
cylinder would only expand on the ground slightly and create 
a vortex immediately upstream of the wake. 
2. The ground vortex which results from a viscous 
interaction is out of this inviscid solution scope. 
3. We have assumed in the computational model that 
the blade loading is uniform along the blades and there is 
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no effect from the root vortex. By doing so we have 
ignored the trailed vorticity shed by the rotor. As a 
result there are differences between measurements and flow 
model for the flow inside the rotor wake. 
5.3.6 Effects of Collective Pitch Angle Settings 
Figures (54) and (55) are the velocity vectors of 
Figs. (23) and (32), but with collective pitch angle of 
10 degrees. These figures show that collective pitch angle 
determines the position of the ground vortex and the wake 
skew angle. For the same advance ratio the ground vortex 
is closer to the rotor and the wake skew angle is greater 
for the low pitch angle than when the setting is higher. 
From the vector plottings, the ground vortex is smaller and 
weaker for the low pitch angle which implies no influence 
on the rotor performance. This result supports previous 
discussion in 5.3.4. 
0 
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6. Concluding Remarks 
This work presents experimental and analytical 
techniques which can be used to improve the understanding 
of the aerodynamics of low speed helicopter flight in ground 
effect. Flow visualisation techniques are useful in 
identifying rotor wake geometry, ground vortex, the inter- 
action boundary on the ground and the interpretation of 
flow velocity data. 
As a result of this work, it can be concluded 
that: 
1. The velocity field of a rotor moving forward at 
low speeds in ground effect is strongly influenced by the 
ground vortex generated by the interaction of the rotor 
wake, the ground and the oncoming flow. The ground vortex 
induces a velocity field whose influence depends on advance 
ratios of the rotor and rotor collective pitch angle. When 
the ground vortex is close to the rotor the induced upwash 
from this vortex can reach the rotor and reduce the inflow 
velocity and make the rotor work more efficiently. 
2. With the decrease in thrust produced by the 
rotor in ground effect as it changes the course from hover 
to forward flight, there is a need to increase the 
collective pitch angle to retain-the height which has been 
obtained in hover. This implies that there is an increase 
of power to change from hover to forward flight 
3. Rotor wake in ground effect can be explained as 
follows: The rotor wake first moves downward and rearward 
in almost a cylinder shape, then starts expanding as the 
ground is approached. There will be a forward movement of 
some portion of the wake if the momentum initiated by the 
rotor is not fully swept rearward and manages to push the 
wake forward. The deciding factor of this forward movement 
is the wake skew angle and the height above the ground. 
4. Our results demonstrate that for a given height, 
increasing the collective pitch angle clearly increases the 
ground effect and the influence of the ground vortex on 
the flow field. 
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5. In general, the ground effect decreases the oncoming 
flow velocity and vertical component of velocity inside the 
wake which improves the rotor performance. 
6. We have learned during the experiments that it 
is difficult to produce reliable measurement results in this 
three dimensional flow with embedded vortices and reverse 
flow regions by introducing a hot wire anemometer probe, 
without relying on other techniques such as flow visualisa- 
tion. It is therefore necessary that in the future, 
quantitative measurements of this type of flow be made with 
optical techniques such as laser velocimeter or laser 
particle tracing which are completely non-intrusive to the 
flow and reliable on their own. 
7. From the comparison between the experiment 
results and computation model there is a need to improve 
the analytical model by taking into account the momentum 
produced by the rotor and viscous interaction. 
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APPENDIX A 
I. Blade Circulation 
The blade circulation for our model is assumed 
to be constant along the radius, but may vary azimuthwise 
according to: 
r= r6 - rising (Ref . 14) (1) 
= azimuth angle evaluated anticlockwise 
= rotor angular velocity clockwise 
Since 
dT =P UT rdr 
= 
27TpMr-uSIRsini)(r0-rlsinp)drdp 
(p is the rotor advance ratio) 
then the rotor thrust T is: 
2n R 
T= 
2n 
öö 
(siror-uroORsiný-rlsinýQr+ur1QR2sin _2v)drdV 
which yields 
z 
(r0 + pr ) (2) T=b 2 
The thrust moment MT is Txr 
R 
MT =ö p(f2r-p 2Rsinp) (ro-rlsind, )rdr 
=pclR3C3° _( +u- )sinp+ 2rlsin 
2* (3) 
The thrust moment MT is independent of the azimuth angle 
if only first harmonic flapping is considered. Ref. (16). 
(in fact experimentally all harmonics above the second 
have been found to be small). 
Thus the first harmonic of the thrust moment 
must be zero. 
From equation (3) 3+ 
2ro=O 
r1 =-2u r0 
14 
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Equation (1) becomes 
r= Fo(i + 1.5u sinf) 
II -Induced Velocities of the 'rotor wake in free air 
We have assumed in our theoretical model that 
there are no effects from the root vortices and the radial 
component of vorticity. As a result, only the outer wake 
which induces velocity field superimposed on the free 
stream flow. The velocity field can be found by integrating 
the Biot Savart law over the entire outer cylinder wake 
(Ref. 14). 
If P(x, y, z) is a point in the flow field, then: 
1 dr ds xä dqp 4 IT dL -- dL (4) 
From Fig. 9 these following quantities can be evaluated by 
inspection: 
s= i(Rcos*+LsinX)+j(RsinP)+k(-LcosX) 
ds = 
ti(-Rsin)+5(Rcos)+i(O)]dP 
a= i(Rcos*+LsinX-x)+j(Rsiný-y)+k(-LcosX-z) 
Substituting these quantities into equation (4) and 
integrating yields: 
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Discussion 
it will be observed that the equations for the 
three components of induced velocity of a rotor wake in 
free air (eqns. (13) , (15), and (12)) have been left in the 
form of integrals with respect to V. It appears that these 
integrals cannot be solved analytically, however results 
can be obtained by numerical integration. 
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Appendix B 
Calculations of velocity vectors 'from -a: 
wire anemometer signals 
The linearised anemometer sig: 
wire probe can be assumed to correspond 
ship between the output voltage signals 
in the direction of the three wires as: 
Vx2 = s2(ki x2 + y2 + k2 z2) 
Vyz = s2(k2 x2 + ki y2 + z2) 
VZ2 = s2(x2 + k2 y2 + ki z2) 
three-elementhot 
Hals from a three- 
with the relation- 
and the velocities 
(Ref. 15). 
(1) 
where: 
VX, Vy and Vz are the linearised anemometer signals 
X, y, z are velocities in the direction of the three 
wires 
s is signal sensitivity (which must be equal for 
the three linearised signals) 
kl is the correction term for the tangential 
cooling effect. The mean value is 0.15. 
k2 is the correction term for the pitch angle 
influence. The mean value is 1.02. 
Substituting the values of ki and k2 in equation (1) and 
solving the equation with respect to x, y and z, we get: 
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-1 
x2 ki 1 k. 2 VX2 
y2 =S k2 k1 1 Vyz 
z2 1 k2 k2 VZ2 
-0.506 0.515 0.475 VX2 
0.475 -0.506 0.515 Vy2 (1) 
0.515 0.475 -0.506 V. Z2 
Coordinate transformation 
The velocity components in the wire system may 
be transformed into another coordinate system with a fixed 
orientation with respect to the probe. 
In our experiments, we assumed the dominant 
velocity to be the u component of velocity of the flow 
field and also the U. 0 tunnel 
free stream velocity. We 
aligned the probe axis as the u axis, the v axis and w axis 
in the horizontal and vertical plane respectively with the 
z wire lying in the vertical plane defined by u and w 
(Fig. ll). From this figure, to transform the wire 
coordinate system into the rotor coordinate system, we have 
to yaw the system through the angle of 45° and then 
pitching it up through the angle of 35.30. The transformation 
yields: 
u x 
v =B y 
w z 
where B from Fig. (11) is: 
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cos45cos35.3 sin45cos35.3 sin35.3 
B= -sin45 cos45 0 (2) 
cos45sin35.3 -cos45sin35.3 
Combining equations (1) and (2) yields: 
u 
1 
v = B A s . 
w 
where A is: 
-0.506VX2 + 0.515Vy2 + 0.475Vz2 
A=0.475VX2 - 0.506Vy2 + 0.515VZ2 
0.515Vx2 + 0.475Vy2 - 0.506VZ2 
cos35.3 
A 
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